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Summary  
The mechamcal behavior and biochemical composition of artmular cartilage were studied in an expemmental model 
of joint disuse, in which the canine knee was ]mmoblllzed m a shng at 90 ° of flexion. Articular cartilage from the surface 
zone of the femur was tested in an isometric tenmle test and full-thickness cartilage on the tlblal plateau was tested 
in a compressive indentation test Water, proteoglycan and collagen contents were measured in rote-matched samples. 
Site-specific increases in the tenmle moduh (~88% above control values in distal femoral groove) were observed in 
cartilage after 8 weeks of joint disuse, and after 3 weeks of remobllizatlon following either 4 (~140%, distal and 
proximal femoral groove) or 8 weeks (~140%, distal femoral groove) of joint disuse. In contrast, the compressive 
propertms of cartilage determined m the mdentatmn test exhibited no change from control values with joint disuse 
or disuse followed by remobihzatlon. Water contents increased at some rotes on the tibia after 8 weeks of joint disuse 
(~6% of tissue wet weight, posterior site), but not in the surface zone tissue of the femur. Proteoglycan/collagen and 
cartilage thickness were not found to change with disuse or disuse followed by remoblhzation. Reduced values for the 
ratm of proteoglycan:water were observed m the surface zone tissue of the femur (~23%, distal femoral groove) and 
in the full-thickness tissue of the tlbm (~ 21%, anterior and posterior sites) after pemods of joint disuse In this study, 
the measured material properties uggest that the articular surface remains intact following periods of disuse or disuse 
with remobllization. This finding suggests one Important difference between this model of joint disuse and other 
expemmental models in which cartilage changes are both progressive and degenerative, such as surgically-reduced 
joint instability. 
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Int roduct ion 
ARTICULAR cart i lage will respond to changes in the 
magn i tude  and type of appl ied loading, as 
demonst ra ted  in both in vivo and in vttro 
exper imenta l  models [1-3]. In part icu lar ,  some 
reg imen of jo int  mot ion  and loading appears  to be 
essent ia l  in prov id ing for the mainta ined  compo- 
ration and s t ructure  of ar t i cu lar  cart i lage [4]. 
Reduct ion  of jo int  mot ion  and loading by cast ing 
of the l imb has been shown to induce 'a t roph ic '  
changes in ar t i cu lar  cart i lage inc luding cart i lage 
th inn ing [4, 5], increased hydrat ion  [5-8], reduced 
proteog lycan content  [4-13], a l tered proteog lycan 
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aggregate  s t ructure  [5, 6, 8, 9, 12] and decreased 
proteog lycan synthesis  [4, 6, 7, 9, 13, 14]. Other  
cart i lage changes have  also been reported,  includ- 
ing mainta ined  or e levated col lagen content  af ter  
cast ing of the knee [8, 12, 15, 16] and increased 
col lagen synthesis  [15, 16]. Many  of these car t i lage 
changes have  been considered to be s imi lar  to 
those found in osteoar thr i t i s  [17], so that  this 
model of reduced jo int  loading has been popu lar  
for the study of degenerat ive  cart i lage changes  [2]. 
Some changes in the ar t i cu lar  cart i lage,  however ,  
have been shown to be at  least  par t ia l ly  restored 
to contro l  values upon remobi l i zat ion of the jo int  
for per iods as l itt le as 1 week [5, 6, 7, 18, 19]. This  
property ,  that  the changes  observed in car t i lage  
may reverse upon remobi l i zat ion of the joint, 
d ist inguishes this model  of a l tered jo int  load ing 
f rom those in which the cart i lage changes  have  
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been shown to be progressive and degenerative 
[2, 20]. Therefore, experimental nimal models of 
reduced joint loading are attractive for studying 
how mechamcal factors may influence the main- 
tenance of the carti lage extracellular matrix. 
Casting of the joint serves to restrict he range 
of normal joint motion and to eliminate all 
weight-bearing forces. Changes in contact area 
and the absence of weight-bearing forces are both 
presumably responsible for atrophic changes 
observed in vivo following periods of casting. 
Indeed, changes in art icular cartilage have been 
found to vary with site in the casted knee joint 
[7, 10, 12, 18, 19], part icularly between sites be- 
lieved to be in contact during cast immobilization 
and those at the non-contact areas [10, 19]. Models 
m which joint motion is more completely limited 
by surgical immobihzation have been shown to 
produce more severe degenerative changes m the 
articular carti lage [1, 7]. 
While much is known of these site-specific 
changes in the biochemical compomtlon and 
structure of art icular carti lage after pemods of 
reduced joint loading, very little is known of the 
associated changes in carti lage mechanical behav- 
ior and function. In one study of beagle dogs after 
11 weeks of casting, the ' instantaneous' hear 
modulus of cartilage was shown to decrease and 
the rate of creep was shown to increase m a 
compressive indentation experiment [21]. These 
findings led to the conclusion that a 'softening' of 
the cartilage layer occurs following periods of joint 
immobilization. These changes were observed 
primarily at sites for which contact was not 
maintained uring joint lmmob~lizatmn. With 15 
weeks of remobihzatmn, the shear modulus and 
creep behawor of the articular cartilage ap- 
proached control values, but were still signifi- 
cantly different from controls [22]. Little is known 
of the related changes in the mechanical behavior 
of articular carti lage m other modes such as 
tension. 
In this study, parameters of the mechanical 
behavior and biochemical composition of art icular 
cartilage were simultaneously studied in a canine 
model of reduced joint loading, or joint disuse, 
followed by periods of remobitization. The specific 
objectives were to quantify the progression of 
changes in the tensile and compressive properties 
of canine knee art icular carti lage in this exper- 
imental model of joint disuse. We elected to study 
two time periods of joint disuse (4 and 8 weeks), 
and subsequent changes with a 3-week period of 
remobllization, in order to document the early and 
progressive changes in knee-joint cartilage. All 
properties were studied at sites of contact and 
non-contact during the experimental procedure. 
Based on the results of previous studies [23-30], 
three biochemical parameters [i.e., hydration, ratio 
of proteoglycan:col lagen contents (PG:COLL), 
and ratio of proteoglycan:water contents 
(PG:H20)] were selected for measure, and com- 
pared with the material properties of correspond- 
ing tissue to test for potential relationships 
between composition and material properties. 
Mater ia ls  and methods  
EXPERIMENTAL PROTOCOL 
Female Greyhound ogs, 2-3 years of age, were 
screened for signs of osteoarthrit is and skeletal 
maturity by X-ray examination at University of 
Miami, FL, U S.A. All dogs weighed 20 25 kg. In 27 
ammals, the right hind hmb was bound and 
strapped to the trunk in approximately 90 ° of 
flexion (Fig. 1) Thin non-rigid immobilization, i.e., 
joint disuse (D), was designed to eliminate 
weight-bearing forces across the joint, while 
allowing for some limited limb motion. Lateral 
radiographs of the knee at 30 ° and 90 ° of flexion are 
shown in Fig 2. The Greyhound stands at 
approximately 30 ° of flexion so that the effect of 
lmmoblhzing the knee in 90 ° of flexion is 
FIG. 1. Schematic of Greyhound og knee bound and 
strapped to the body in 90 ° of flexion. A custom-designed, 
removable canvas strap was used in order to provide for 
joint immobilization while allowing for strap removal in 
order to maintain appropriate hygiene for the animals 
throughout the experiment 
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translation of the contact areas from proximal to 
distal in the patellofemoral rticulation, and from 
anterior to posterior in the tibiofemoral articula- 
tion. These observations for contact area based on 
lateral radiographs were confirmed in a study of 
static contact areas using a stereophotogrammetry 
technique [31]. 
Animals were housed in cages during the time 
of the experimental procedure. Daily periods of 
free exercise and unlimited Purina chow and 
water were provided until they were killed with 
T-61 euthanasia solution (Hoescht-Roussel, 
Somerville, NJ, U.S.A.). The limbs were immob;- 
lized in the strap for either 4 weeks (total of 13 
animals) or 8 weeks (14 animals). At the 
termination of the disuse atrophy protocol, 
eight animals in each experimental group were 
killed at 4 (4D, N= 8) or 8 weeks (8D, N= 8). The 
remaining animals participated in a remobilization 
period (R), in which the immobilization strap 
was removed and the joints were permitted to 
resume normal, weight-bearing activity for an 
additional 3 weeks. All animals in these disuse- 
remobilization experimental groups were then 
killed (4D/3R, N=5; 8D/3R, N=6). The controls 
(C) consisted of 15 dogs of the same population, 
which were screened, caged for 1 week and then 
killed. 
SPECIMEN PREPARATION 
At the time of death, the right and left 
(contralateral) hind limbs, with all skin and 
connective tissues intact, were harvested, packed 
in heavy-duty plastic bags and frozen at -20°C. The 
contralateral knees were used for preliminary 
testing and protocol development. Joints were 
packed in dry ice and shipped in an insulated box 
by overnight delivery to Columbia University, 
where they were stored at -80°C until testing. 
Joints were thawed overnight at 4°C and disartic- 
ulated to separate the tibia, femur and patella. 
Excess bone was removed from the tibia and the 
femur with a band-saw, leaving bone-cartilage 
segments for testing. A pair of stereophotographs 
were taken of the femoral groove and condyle, and 
of the tibial plateau before and after removal of the 
meniscus for quantification of joint surface 
anatomy, as described previously [31, 32]. After 
photographing, the femoral and tibial segments 
were wrapped separately in gauze soaked with a 
stock bathing solution (0.15M NaC1, 2 mM EDTA, 
5 mM benzamidine HCI, 10 mM N-ethyl maleimide, 
l mM PMSF; Sigma Chemical, St Louis, MO, 
U.S.A.), and frozen at -80°C until  sample prep- 
aration. 
Samples of articular cartilage were simul- 
taneously prepared for the biomechanical and 
biochemical compositional nalyses in this study. 
In order to perform site-specific omparison of 
biochemical and biomechanical data, thickness- 
matched samples were prepared. Samples of 
articular cartilage for tensile testing were pre- 
pared from four sites on the femur (Fig. 3). The 
anterior and proximal sites on the femur are 
believed to be in contact during stance as described 
above, and the posterior site in the condyle and 
distal site in the femoral groove are believed to be 
in contact at higher angles of flexmn correspond- 
ing to 90-120 ° . The method for preparing strips of 
surface and sub-surface zone cartilage has been 
described previously [30]. A uniformly thick 
specimen of surface zone cartilage, approximately 
250-350 pm, was prepared at each test site. One 
tensile test strip (~ 1.7 mmx 15 mm) was extracted 
from each layer using a custom-designed parallel- 
edged die. The remaining adjacent tissues of 
matched thickness were used in the determination 
of water content, and returned to University of 
Miami for biochemical analyses. Only 36 of the 42 
control and experimental knee joints were used for 
tensile testing (C, N= 9; 4D, N= 8; 8D, N= 8; 4D/3R, 
N= 6; 8D/3R, N= 5), because some joint cartilage 
was initially used for development of the biome- 
chanical and biochemical testing protocols. 
Indentation tests were performed at two sites on 
the medial tibial plateau (Fig. 3), corresponding to
the anterior and posterior sites of contact on the 
femoral condyle [31]. Both sites are covered by the 
meniscus, and thus, are believed to sustain large 
forces during joint loading. The areas of joint 
contact will translate from anterior to posterior 
sites on the tibial plateau with increasing angles of 
flexion so that the posterior site is considered to be 
in contact at 90 ° of flexion. In the indentation test, 
the cartilage is tested in situ so that a minimum of 
sample preparation was required for the mechan- 
ical test. After mechanical testing, blocks of 
full-thickness cartilage (~ 5 mm x 5 mm) at both 
test sites were removed with a scalpel and used in 
the determination of water content and biochemi- 
cal composition. Only 39 of the 42 control and 
experimental knee joints were used in the 
indentation testing portion of this study (C, N= 15; 
4D, N=7; 8D, N=8; 4D/3R, N=4; 8D/3R, N=5) 
because portions of the tibia were initially used for 
development of the testing protocol. 
TENSILE TESTING 
An experimental apparatus and protocol for 
automated isometric tensile testing of articular 
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FIG. 3. Sites for preparation of samples for the (a) tensile tests and (b) for the compresmve indentation tests. Note that 
on the Greyhound femur, the anterior ote of the condyle and the proximal rote of the groove are considered to be in 
contact at 30 ° of flexion. The posterior site on the condyle and the dmtal site in the groove are considered to be in 
contact at 90 ° of flexion, or during pemods of 3oint immobihzatlon i the sling. On the tiblal plateau, both anterior 
and posterior otes covered by the memscus are conmdered to transmit load, although the position of contact may 
translate from anterior to posterior as seen on lateral radiographs [31] (see Fig 2) 
cart i lage was used in this study [23, 30, 33]. Before 
testing, the d~mensmns of the cart i lage test strip 
were measured after a 30-min permd of eqmli- 
brat ion m distilled" water. The average of 10 
measurements each of the width and thickness 
were used to calculate the sample cross-sectmnal 
area. The test strip was placed in the jaws of the 
testing apparatus and stra ightened under a tare 
load of 0.02 N, and was al lowed to equil ibrate in ff 
bath of distil led water delivered by a fine-spray 
nozzle for 1200 s. The initial sample length was 
recorded as the distance between the two grips 
after equil ibration. A series of succesmve tensile 
stress-re laxat ion experiments was then performed, 
as described previously [23, 30]. A step e longat ion 
was first applied to the sample, corresponding to a 
pre-determined tensile strain calculated using the 
initial sample length. Each sample responded with 
a force peak immediately upon appl icat ion of the 
stretch, fol lowed by rapid force re laxat ion which 
was monitored for a period of 1200 s. The tensile 
force at 1200 s was used to calculate an equi l ibr ium 
tensile stress at each level of tensile strain. Tensile 
stress-re laxat ion experiments were performed at 
seven tensile stratus (e =0.5, 1.0, 2.5, 5.0, i0, 15, 
20%)  whlle the sample  was  bathed  in distilled 
water. The  initial sample  cross-sectional area and  
equil ibr ium force data were  used to calculate the 
equl l ibr ium tensile stress at each increment  of 
strata. A linear stress-strain relationship was  
observed for strains f rom 2 .5 -15% [30]. L inear  
regression of the stress-strain data was  per fo rmed 
over this region to determine an equ i l ib rmm 
tensile modu lus  in distilled water  (EDw). 
The  measured  tensile and  compress ive modu l i  of 
articular cartilage have  been shown to vary  with 
external ion concentrat ion [23, 34, 35] because  of 
their dependence  on the internal swell ing press- 
ure, wh ich  results f rom negatively charged 
proteoglycan molecules and  mobi le  counter-ions. 
Therefore, it .was of interest to determine the 
tensile modu l i  of articular cartilage in response to 
a change in the bath ing solution concentration. A t  
each increment  of tensile strain f rom 2.5-20%, the 
bath ing solution was  changed to 0.15 M NaCl  and  
mon i tored  for an  additlonal 1200 s, in order to 
determine the corresponding equi l ibr ium tensile 
stress at physiological saline. Chang ing  ion 
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concentrations from distilled water to 0.15 M NaC1 
caused a stress-relaxation effect, with a monotonic 
decay to an equilibrium value at approximately 
1200 s. The bathing solution was then restored to 
distilled water and the sample was allowed to 
re-equilibrate for 1200 s before proceeding to the 
next strata increment. The equilibrium force data 
m 0.15 M NaC1 were used to calculate the tensile 
stress and a tensile modulus in physiological saline 
(E), as described above for distilled water. 
COMPRESSIVE INDENTATION TESTING 
An indentation testing protocol and biphasic 
theoretical analysis were used to determine the 
hydraulic permeability of articular cartilage, and 
the hnear elastic properties of the matrix m 
response to compressive loading. The indentation 
apparatus and the protocol for determining the in 
situ biphasic compressive creep behavior of 
articular cartilage have been described previously 
[30, 36, 37]. The medial tibial plateau was sectioned 
from the tibia of each Greyhound knee joint during 
specimen preparation, and frozen at -80°C until 
testing. On the day of testing, each cartilage-bone 
segment was thawed for 60 mm at room tempera- 
ture in stock bathing solution. The bony surface of 
the tibial plateau was then cemented to the base of 
a cylindmcal test chamber, and mounted on the 
6-degree-of-freedom jig in the indentation testing 
apparatus. The position of the holder was adjusted 
so that the articular surface at each test site was 
perpendicular to a rigid, porous and permeable tip 
(1.5 mm diameter) attached to the loading shaft of 
the indenter. At each test site, the sample was 
allowed to equilibrate under a tare load of 0.035 N 
for 900 s. A compressive test load of 0.1 N was 
apphed to the articular surface in a step-w~se 
manner, and the resulting creep and recovery 
responses were momtored for 6000 s and 4000 s, 
respectively. At the end of this creep experiment, 
the test site was marked with India ink on the 
tibial plateau, and the protocol was repeated at the 
other test site. After completion of testing, the 
cartilage thickness at each site was measured 
using a penetrating steel probe method as 
described previously [37]. 
The theoretical solution for the indentation 
creep test, based on the linear biphasic constitu- 
tive model, was used with a numerical curve-fitting 
algorithm [37] to determine the compressive 
properties from the experimental creep data. Data 
were numerically fit to the biphasic indentation 
creep solution for times t = 20-1200 s to determine 
three intrinsic material coefficients at each test 
site: aggregate modulus (HA), Poisson's ratio (vs) 
and hydraulic permeability (k) as described 
previously [30]. Values for the shear modulus (~ts) 
were calculated from the parameters, HA and v~. 
The early creep response (t < 20 s) was not used in 
the determination of materml coefficients because 
of generally poor agreement between the exper- 
imental data and theoretical model at short times 
after loading. This results from the assumption of 
a frlctionless boundary condition in the theoretical 
model, which is difficult to obtain experimentally 
for an adhesive and porous indenter tip [37] 
BIOCHEMICAL COMPOSIT IONAL ANALYSES 
Biochemical samples were prepared as described 
above, and weighed after equilibration m stock 
bathing solution for 1800 s. Samples were then 
lyophihzed at -50°C for 48 h, re-weighed and the 
percentage of water per wet tissue weight was 
calculated (%H20=100×g water/g wet tissue). 
Dried samples were re-frozen at -80°C and shipped 
to University of Miami for determination of 
proteoglycan and collagen contents as described 
previously [29]. Each cartilage sample was di- 
gested in papam (Mallinckrodt Inc, Paris, KY, 
U.S.A.) at 60°C for 24h in tightly capped tubes 
using 1 mg enzyme/300 mg wet tissue. Aliquots of 
digest were analyzed for hexuronate using the 
modified carbazole method of Bitter and Muir [38] 
and for hydroxyprohne using the method of 
Woessner [39]. Proteoglycan content was deter- 
mined from hexuronate assuming a factor of 4.55 
and collagen content was determined from hydroxy- 
proline assuming a factor of 8.33. The ratio of 
PG:COLL (rag proteoglycan/mg collagen) was used 
because this parameter has been shown to relate to 
the tensile properties of human articular cartilage 
[23]. The ratio PG :H20 (pg proteoglycan/mg water) 
was also calculated. This quantity relates to the 
negative fixed charge density of articular cartilage 
[40] which is known to contribute to the hydration, 
hydraulic permeability, compressive and swelling 
behaviors of articular cartilage [28, 35,41]. Ad- 
ditional studies of the composition and structure of 
the proteoglycan populations m these cartilage 
sampes were performed using centrifugation 
analysis as part of a collaborative study [29]. 
HISTOLOGICAL PREPARATION 
Bone-cartilage blocks were taken for histologi- 
cal study from sites remaining on the femur and 
tibia of three or more joints from each of the 
control, disuse and disuse-remobilization k ees. 
All bone-cartilage blocks were fixed in 10% 
neutral buffered formalin for 48 h at Columbia 
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Umversity and shipped by overmght delivery to 
University of Miami. The specimens were decal- 
cified, embedded in paraffin, and sections (5 pro) 
were prepared and stained with Safranin-O and 
Masson's trichrome. Slides were examined quali- 
tatively for evidence of cartilage changes. 
STATISTICAL ANALYSES 
The statistical analyses were designed to 
determine if periods of joint disuse and/or joint 
disuse followed by remobilizatlon wilt produce 
significant, temporal changes in the site-specific 
mechanical properties or biochemical composition 
of articular cartilage. First, a one-factor analysis 
of variance (ANOVA) based on a general inear 
model algorithm (SAS/STAT, SAS Institute, Cary, 
NC, U.S.A.) was applied to all site-specific 
variables to test for the overall effects of 
experimental treatment on articular cartilage (five 
levels: C, 4D, 8D, 4D/3R, 8D/3R). In order to test for 
changes in the measured parameters at the two 
time intervals of each treatment, a Dunnett's 
two-tailed multiple comparisons test was per- 
formed to test the mean of each parameter against 
that of the corresponding control populatmn. This 
procedure individually tests the null hypothesis 
that each experimental treatment (4D, 8D, 4D/3R 
or 8D/3R) does not produce any change In the 
composition or material parameters of articular 
cartilage from control values. 
The statistical design as outhned above was 
applied to the site-specific variables for tensile (E, 
Eow), compressive (HA) and shear (~t~) moduli, 
hydraulic permeability (k), all measures of the 
biochemical composition (%H20, PG:COLL and 
PG:H20) and cartilage thickness on the tibial 
plateau. The Polsson's ratio (vs) was excluded from 
the statistical analyses because it did not possess 
a normal distribution in preliminary tests of 
normality. A non-normal distribution for v~ results 
from the reqmrement hat values for Vs be 
constrained to be greater than zero in the 
numerical fitting procedure. Due to difficulties 
encountered during protocol development, 
measurements of the dry weight for calculation of 
%H20 were not available for cartilage samples 
from the femoral condyle of the 4D group. 
Therefore, the 4D group was eliminated from the 
statistical analyses for %H20 and PG:H20 at the 
anterior and posterior femoral sites only. All 
statistical tests were performed at a significance 
level of 0.05. Finally, a correlation matrix of all 
compositional nd material parameters was gener- 
ated from results for the surface-zone femoral 
cartilage, and from results for the full-thickness 
t~bial cartilage. Results of these correlations are 
presented at a significance level of 0.05. 
Resu l ts  
MECHANICAL TESTING 
All animals were observed to ambulate on three 
legs with no difficulty during periods of disuse, and 
were found to immediately ambulate on all four 
legs upon removal of the binding strap. Periods of 
joint disuse and joint disuse followed by remobi- 
lization were observed to have a site-specific effect 
on the equilibrium tensile moduli measured in 
physmlogical saline (Fig. 4). In particular, periods 
of joint disuse produced a significant change in 
tensile moduli at the distal site in the femoral 
groove, with values for E that were significantly 
greater than control values after 8 weeks of joint 
disuse (P < 0.001, ANOVA; P < 0.05, Dunnett's). 
Periods of joint disuse-remobilization produced a
significant change in E at both distal and proximal 
sites in the femoral groove, with values for E which 
were significantly greater than control values m 
both 4D/3R cartilage (proximal and distal femoral 
groove: P < 0.05, Dunnett's) and 8D/3R cartilage 
(distal femoral groove: P < 0.05, Dunnett's). Fur- 
thermore, there was evidence of a significant 
change in E at the anterior site m the femoral 
condyle (P < 0.05, ANOVA), which was not related 
to a change in E from control values in response 
to either joint disuse or joint disuse-remobiliza- 
tion treatments (P> 0.05, Dunnett's). This 
suggests that the observed sensitivity of E to 
experimental treatment at the anterior femoral site 
was a result of a difference in E between joint 
disuse and disuse-remobilization protocols, rather 
than between controls and any experimental 
group. 
Increases in the tensile moduli measured in 
distilled water (EDw) were observed at the distal 
site in the femoral groove with both joint disuse 
and joint dlsuse-remobilization protocols, and at 
the proximal site after joint disuse-remobilization 
(Fig. 5). These observations were consistent with 
significant changes in E observed for cartilage 
from the femoral condyle (Fig. 4), corroborating 
evidence of a significant, positive relationship 
between E and EDW which was observed using a 
linear correlation analysis (r = 0.93, P < 0.001). In 
contrast to the changes in E, however, no changes 
in EDW with experimental treatment were found to 
be statistically significant (P > 0.05, ANOVA). 
A plot of the experimental creep behavior of 
tibial cartilage and corresponding theoretical fit 
are shown in Fig. 6 for a specimen after 8 weeks of 
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jo int  disuse. There  was genera l ly  good agreement  
between the b iphamc theoret ica l  so lut ion and 
exper imenta l  data for t imes t > 20 s, as indicated 
by values for S.S.E. of  0.00052 + 0.00051 mm 2 and an 
average error  of 1.4 + 1.4% of max imum stra in  
values (mean + S.D.; ranges=2x l0  -a S.S.E; 0.4-- 
3.3% average  error). F rom results  of the compres- 
sive indentat ion  tests and biphasic  analyses,  there 
was no evidence of a change in values for the 
compress ive (HA) or shear  (ps) modul i ,  or hydraul ic  
permeabi l i ty  (k) of t ib ia l  cart i lage at e i ther 
anter ior  or poster ior  sites in response to any of the 
exper imenta l  t reatments  (P > 0.05, ANOVA and 
Dunnett 's ;  Tab le  I). There  was evidence that  
cart i lage th ickness  on the t~bial p la teau  var ied 
with exper imenta l  t reatment  at  the poster ior  site 
(P < 0.05, ANOVA),  a l though this dependence was 
not re lated to a change in th ickness from contro l  
values in response to e i ther  jo int  disuse or jo int  
d isuse-remobi l i zat ion t reatments  (P > 0.05, Dun- 
nett's). 
BIOCHEMICAL  COMPOSIT ION 
In all femora l  cart i lage cor respond ing to sites of 
tensi le test ing, ne i ther  per iods of jo int  disuse nor  
d isuse- remobi l i zat ion  were found to produce 
signif icant changes in the water  content  (%H20) of 
ar t i cu lar  cart i lage (P > 0.05, ANOVA; Table  II). 
There  was evidence of a change in the rat io  of 
p roteog lycan to col lagen (PG:COLL)  at the distal  
site in the femoral  groove (P < 0.05, ANOVA;  
Table  III), a l though this f inding was not re lated to 
a change in PG:COLL  f rom control  va lues in 
response to e i ther jo int  dmuse or jo int  d isuse-re-  
mobi l izat ion t reatments  (P > 0.05, Dunnett 's) .  The 
rat io  of PG:H20 demonst ra ted  a site-specif ic 
response to exper imenta l  t reatment  (Table IV), 
with evidence of a decrease m PG:H20 from 
contro l  values after  both periods of jo int  disuse, 
but  not  jo int  d isuse-remobi l izat ion,  at the distal  
site on the femoral  groove (P < 0.005, ANOVA;  
P < 0.05, Dunnett 's) .  
In the t ibial  cart i lage corresponding to sites of 
indentat ion  testing, there was evidence of a 
change in hydrat ion  (%H20) of ar t icu lar  cart i lage 
at the poster ior  site after  exper imenta l  t reatment  
(P < 0.05, ANOVA; Table II). In part icu lar ,  the 
hydrat ion  was found to s igni f icant ly increase after  
8 weeks of jo int  disuse in cart i lage from the 
poster ior  t ibml  p lateau (P < 0.05, Dunnett 's) .  The 
ratio,  PG:COLL ,  was also observed to depend on 
expemmenta l  t reatment  at the poster ior  s~te on the 
t lblal  p la teau (P < 0.05, ANOVA;  Table III). As 
with values for PG:COLL  m cart i lage from the 
femur, this dependence could not  be re lated to a 
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FIG. 4. Equilibrium tensile modulus (E) for surface zone articular cartilage determined at four sites on the femur m 
phymological saline. The control group (N= 9) is shown at zero weeks, and the joint disuse (4D, N= 8; 8D, N= 8) and 
joint disuse-remobihzatlon groups (4D/3R, N--6; 8D/3R, N= 5) are plotted against total weeks of treatment. Data 
corresponding to periods of joint remobllizatlon are lndmated by a dotted line and disuse by a solid hne. Data are 
plotted as mean _+ S.D. (a) Anterior and (b) postemor femoral condyle, (c) proximal and (d) distal femoral groove. 
*Significantly different from controls, P < 0.05, Dunnett's. tSignificant effect of experimental treatment P < 0.05, 
ANOVA. 
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change m PG:COLL  from control  values m 
response to e i ther jo int  disuse or jo int  d isuse-re-  
mobi l izat ion t reatments  (P > 0 05, Dunnett 's) .  
Final ly,  values for PG:H20 were found to decrease 
at both sites on the t ibial  p la teau after per iods of 
jo int  disuse, a f inding which was stat ist ica l ly  
s ignif icant after  4 weeks of jo int  disuse only 
(P < 0.05, Dunnett 's) .  
There  was evidence of weak but s ignif icant 
corre lat ions of both tensi le modul i  with the 
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FIG. 6. Experimental creep behavior of cartilage from 
anterior and posterior sites on the tibial plateau of a 
specimen after 8 weeks of joint disuse. The blphaslc 
theoretical curve-fits for these indentation experiments 
are also shown. (--), Theoretical fit, (O) anterior 
experimental data; (K]) posterior experimental data. 
hydrat ion  of ar t i cu lar  cart i lage on the femur  (E: 
r =-0.39, P < 0.005; EDW: r =-0.38, P < 0.0005). The 
tensi le modul i  were not found to corre late  
s igmf icant ly  with any measure  of the proteog lycan 
content  normal ized by ei ther col lagen or water  
contents.  There  was also evidence of several  weak  
corre lat ions between parameters  of the indenta-  
t ion test  and b iochemical  composi t ion of the 
ful l - thickness cart i lage.  The permeabi l i ty  was 
direct ly corre lated with the water  content  (r = 0.33, 
P < 0.05) and the rat io  of proteog lycan to co l lagen 
(r = 0.26, P < 0.05). F inal ly,  the shear  modulus  was 
direct ly corre lated with the rat io  of p roteog lycan 
to water  (r = 0.26, P < 0.05). 
GROSS AND HISTOLOGICAL APPEARANCE 
The ar t icu lar  surfaces of all exper imenta l  and 
control  jo ints  appeared  very similar,  with no signs 
of surface discolorat ion,  roughness  or f ibri l lat ion, 
osteophyte format ion  or synoviat  changes in any 
joint. In the sect ions prepared  and sta ined for 
h isto logical  screening,  there was some evidence of 
loss of Safranin-O sta in ing at the ar t icu lar  surface. 
However,  these changes var ied from jo int  to jo int  
and with site in the joint. The pat tern  of these 
changes was not recorded in a quant i ta t ive  
manner .  
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D iscuss ion 
In this study, changes in the compressive and 
tensile properties of canine articular cartilage were 
determined after periods of joint disuse, and joint 
disuse followed by remobilization. Material proper- 
ties and parameters ofthe biochemical composition 
were simultaneously determined at two time 
periods for each treatment (disuse and disuse-remo- 
bilizatlon) and in a site-specific manner. There was 
evidence of some site-specific responses of articular 
cartilage to periods of joint disuse and joint 
disuse-remobilization. The tensile modulus of 
cartilage increased significantly after 8 weeks of 
joint disuse at the distal femoral groove (by ~88% 
above control values). Also, an increase in the 
tensile modulus was observed in cartilage from the 
femoral groove after remobilization of the hmb 
following joint disuse. This finding was significant 
for both distal and proximal sites after 4 weeks of 
joint disuse with 3 weeks of remobilization (by 
~140% above control values for distal and 
proximal sites, pooled), and for the distal site after 
only 8 weeks of joint disuse and 3 weeks of 
remobilization (by ~140% above control values). 
The compressive properties and thickness of 
articular cartilage, however, exhibited no change 
from control values in response to either time period 
of joint disuse or disuse-remobllization. 
In measures of the composition, there was also 
some evidence of a site-specific response of articular 
cartilage to experimental treatment. Water content 
increased m the full-thickness cartilage of the 
posterior tibial plateau after 8 weeks of joint disuse 
(by ~ 6% of wet tissue weight), but not m the surface 
zone tissue of the femur at any time after 
experimental treatment. Differences in the ratio of 
proteoglycan to collagen, however, were not 
detected m surface zone femoral cartilage or 
full-thickness tlbial cartilage between control and 
experimental populations. A reduction in the ratio 
of PG :H20 was observed at some sites on both the 
femur (distal groove) and the tibia (antermr and 
posterior) after periods of joint disuse, but not with 
periods of joint disuse-remobihzation. In general, 
there were few patterns uggestive of progressive 
change in either mechanical or compositional 
parameters from 4-8 weeks of joint disuse or with 
periods of remobilization. 
JO INT  D ISUSE EFFECTS ON THE TENSILE  BEHAVIOR OF  
ART ICULAR CARTILAGE 
The increase In the tensile modulus of surface 
zone articular cartilage at the distal femoral 
groove is the first evidence that reduced joint 
loading may have a significant impact on the 
tissues' tensile behavior. There was little evidence 
of a relationship between compositional measures 
and tensile behavior, however, to provide support 
for a composition-related mechanism for this 
change. Results of the linear correlation analyses 
gave no evidence that PG:COLL or PG:H20 
contributed significantly to the tensile properties 
of surface zone articular cartilage, in contrast o 
the reported findings of previous studies 
[23, 24, 26]. It is of interest o note, however, that 
the sites and experimental periods associated with 
the greatest decreases m PG:H~O on the femoral 
groove coincide with sites that had elevated values 
for E. The ratio of PG:H20 is directly related to the 
density of negatively charged-proteoglycans i  
articular cartilage [28, 35, 40]. These 'fixed' nega- 
tive charges give rise to a large interstitial 
swelling pressure in cartilage, with an associated 
propensity to imbibe fluid, or swell. This swelling 
pressure is believed to 'inflate' the cartilage 
matrix, maintaining the cartilage layer at an 
initial, prestress state when unloaded 
[24, 35, 43, 44]. Our observations of a decrease in 
PG:H20 in the femoral groove suggests a decreased 
interstitial osmotic pressure with joint disuse, 
which may give rise to an altered prestress tate in 
the cartilage layer at these sites [42]. A change in 
the matrix prestress may be associated with altered 
tensile behaviors for the tissue as a result of the 
nonlinear stress strata relationships which have 
been documented for articular cartilage in tension 
[45]. This dependence on the swelling-induced 
prestress suggests one mechanism whereby 
changes in the material properties of cartilage (e.g. 
tensile modulus) may be associated with a change 
in the internal osmotic pressure. It is unlikely, 
however, that this mechanism alone is responsible 
for the observed changes in the tensile behavior. 
Lesser changes in PG:H20 after joint disuse or 
disuse followed by remobilization were apparent in 
cartilage at several sites without evidence of 
statistically significant changes m the tensile 
modulus. Structural changes in the macromol- 
ecules of articular cartilage, such as altered 
concentration of collagen cross-links or altered 
proteoglycan aggregate structure [19, 46] present 
an additional, but unstudied mechanism, by which 
the tensile properties increased so considerably 
with periods of joint disuse. 
JO INT  D ISUSE EFFECTS ON THE COMPRESSIVE  
BEHAVIOR OF ARTICULAR CARTILAGE 
The results of our study did not provide evidence 
of any changes m the compressive behavior of 
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articular cartilage. Previous studies have demon- 
strated the existence of a relationship between 
proteoglycan concentration or negative fixed 
charge density, and the compressive stiffness, 
hydraulic permeability and thickness of articular 
carnlage [25 28, 30, 35]. For this reason it was 
anticipated that PG:H20 would serve as a strong 
predictor of changes in the compressive behavior 
of articular cartilage with periods of joint disuse, 
although this was not the case. Indeed, the changes 
in PG:H20 were observed in the absence of related 
changes in hydraulic permeability, compressive 
moduh or cartilage thickness on the tibial plateau. 
One explanation for this phenomenon may be 
related to the lack of zonal-specific nformation on 
cartilage in the compressive indentation test. 
There is evidence that articular cartilage 
changes following joint disuse are greater at 
the articular surface than in middle and deeper 
zones in both canine and rabbit models [11, 29, 47]. 
It is hkely that the material parameters deter- 
mined in the compressive indentation test will 
incorporate all zonal-specific hanges into the 
overall compressive behavior, as the indentation 
test measures the compressive behavior of the 
full-thmkness, intact cartilage layer. Further 
analyses designed to determine the non-uniform 
compresmve behavior of articular carnlage may be 
required to more fully assess zonal-specific changes 
in cartilage mechanics in response to periods of 
joint disuse. 
The findings for no effect of joint &suse on the 
compressive behavior of articular cartilage are in 
apparent contrast to the results of a prewous tudy 
by Jurvelin and co-workers, in which compressive 
'softening' of cartilage was reported after 11 weeks 
of casting in the beagle knee [21]. In that study, 
cartilage from the femoral groove and condyle, 
tlbial plateau and patella was tested in a 
compresmve indentation test and analyzed using 
both linear elastic and linearly viscoelastic 
models. Significant decreases in the instantaneous 
shear modulus and increased rates of creep were 
reported at some rotes, particularly at those sites 
which were believed to be non-contacting during 
the Immobilization procedure. Importantly, the 11 
week casting produced no change in the shear 
moduli at either site which we tested in the present 
study (i.e., anterior or posterior sites on the medial 
tibial plateau [21], so that our findings are 
conmstent with those of the previous tudy. There 
are several limitations, however, in making a 
direct comparison between our findings and those 
of the previous tudy. Different heoretical models 
were used in the two studies o that the determined 
material properties may not be strongly related. As 
an example, the moduli in the two experiments 
reflect dramatically different behaviors for the 
cartilage layer; the compressive and shear moduh 
in the biphasm material are measures of the 
cartilage solid matrix at equilibrium, whereas the 
' instantaneous' moduli in the former study is a 
measure of the bulk cartilage response imme&- 
ately upon loading. While a relationship between 
these two sets of compresmve moduh may exist, the 
linear elastic model reqmres that the Poisson's 
ratio be fixed at a constant value for all control 
and experimental cartilage [21], a restriction 
which may obscure or bias differences in the 
compressive behawor with expemmental treat- 
ment. Differences in the time and type of casting 
will further complicate comparison of these 
findings. 
JO INT  D ISUSE EFFECTS ON B IOCHEMICAL  
COMPOSIT ION OF  ART ICULAR CARTILAGE 
The findings for site-specific hanges m compo- 
sitional measures of the Greyhound knee cartilage 
after joint disuse partly support the findings of 
previous studies of the casted canine knee 
[7, 10, 12, 18, 19]. Our findings of elevated hy- 
dration in the full-thickness tibial cartilage after 8 
weeks of joint disuse, but not remobilization, is
consistent with a previous study of mongrel dog 
knees after 6 weeks of casting [7]. The comparison 
of our findings for change in proteoglycan content 
with disuse or remobihzation is not as simple, 
however, because the available data on proteo- 
glycan changes are not entirely consistent. 
Decreases m the proteoglycan content have been 
previously observed at most sites in the joint 
after short periods of casting in both dog and 
rabbit knees, measured as reduced hexuronic 
acid concentration or ratio of uronic acid: 
hydroxyproline. Some studies have provided evi- 
dence of a significant decrease in the proteoglycan 
content of cartilage on the tibia] plateau, but not 
femur, after joint immobilization [7, 12], while 
others have provided evidence of a significant 
decrease in proteoglycan content at the femur, but 
not tibial plateau [8, 10, 19]. Our findings present 
some trends to support a reduction in the ratio of 
PG:COLL in cartilage from both the femur and 
tibial plateau with periods of joint disuse (see 
Table III), although none of these changes were 
found to be statistically different from control 
values. Finally, our findings for no change in 
cartilage thickness on the tibial plateau with 
either period of joint disuse is in agreement with 
the findings of a previous study [10], but does not 
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support he concept of cartilage thinning following 
periods of joint immobilization [5, 6]. 
CARTILAGE CHANGES WITH JO INT  REMOBIL IZAT ION 
One motlvatmn for this study was to test if 
periods of joint disuse followed by remobllization 
were able to restore material properties par- 
ameters to control values. Previous studies have 
reported that periods of joint remobilization 
following disuse will initiate a reversal in the 
pattern of change of cartilage ~ composition and 
compressive properties [5 7, 18, 19, 22]. In our 
study, periods of joint remobilization served to 
further promote the increase of tenmle moduli 
observed after 8 weeks of joint disuse, rather than 
reverse magnitudes toward control values. Little 
can be concluded about the reversible effects of 
remoblhzation on the compressive behavior of 
articular cartilage because no differences were 
observed in parameters of the compressive behav- 
ior between control and disuse cartilage. Caution 
must be used, however, m interpreting this finding 
as evidence that either periods of joint disuse or 
joint disuse-remobilization will serve to maintain 
the compressive properties or biochemical compo- 
ration of articular cartilage at control values. In 
this and many pmor studies based on in vivo 
experimental models of joint loading, there are 
insufficient numbers of experimental joints to 
conclude that cartilage from the control and 
experimental populations are similar within an 
80-90% confidence limit [48]. However, the general 
conclumon that periods of joint remobilization 
appear to reverse the degenerative changes of joint 
disuse persists as a trend in the experimental data 
for biochemical composition m this (e.g., PG:H20) 
and other studies in the literature [5-7, 18, 19] at 
those sites where an effect of joint immobilization 
is detected. 
SITE-SPECIF IC  CHANGES IN  CARTILAGE WITH JO INT  
D ISUSE 
In this study, there was some evidence of 
differences in biochemical composition and ma- 
terial properties of cartilage between areas 
believed to be in contact, and those that are not in 
contact during immobilization of the joint, as 
has also been shown in other studies 
[7, 10, 12, 18, 19, 21, 22]. In the Greyhound ogs, it 
was anticipated that the pattern of contact would 
shift from the proximal to the distal femoral 
groove, and from the anterior to the posterior 
femoral condyle with immobilization of the knee at 
90 ° of flexion. In our study, the tensile modulus and 
biochemical composition of cartilage from the 
distal site in the femoral groove, and biochemical 
composition of cartilage at the posterior tiblal 
plateau, appeared to be more sensitive to periods 
of both joint disuse and joint disuse-remobiliza- 
tion. These sites will be in contact during joint 
immobilization, so that our data supports the 
conclumon that it is the cartilage sites in contact 
that experience change during pemods of joint 
disuse. This conclusion, however, contrasts with 
the conclusions of several previous studies that 
areas of non-contact present he largest changes 
during joint immobilization [10, 12]. These differ- 
ences may partly reflect differences In the methods 
of immobilizatmn between this and prewous 
studies, but are more hkely related to a global lack 
of information on the role of contact forces and 
their relationships to altered contact areas m this 
experimental model. Additional studies will be 
required to determine the magnitude of joint 
contact forces, surface tractions, and internal 
stresses and strains experienced by the cartilage 
layer in this experimental model, in order to fully 
assess the effects of reduced joint loading and their 
relationship to position in the joint. 
In human osteoarthrltis, the swelling of articu- 
lar cartilage has been reported as a consistent and 
significant degenerative change [17]. The swelhng- 
induced changes in cartilage in situ will be 
regulated by a balance between the swelling 
pressure generated by the negatively charged 
proteoglycans, and tensile forces in the restraining 
collagen network [28, 35, 43]. We have demon- 
strated that the tensile stiffness of the surface 
layer of cartilage will primarily regulate swelling 
of the complete cartilage layer, using models of the 
in situ swelling process based on a triphasic 
constitutive theory [35, 42]. As a result, mainten- 
ance of the integrity of the surface zone of 
articular cartilage may be critical to matrix 
regulation following periods of altered joint 
loading, as has been suggested previously [22]. 
Indeed, in our previous studies with the anterior 
cruciate hgament ransection model of osteoar- 
thritls [30], we found that loss of integrity of the 
surface zone cartilage as measured by a 50% 
decrease in tensile stiffness, was one of the earhest 
events following alteration of joint loading. Other 
changes observed in the compressive modulus, 
shear modulus and hydraulic permeability of 
articular cartilage following transection of the 
anterior cruciate ligament, were likely related to 
increases of matrix swelling and hydration 
observed in that tissue. In the present study, the 
articular surface is likely to remain intact, as 
shown by the elevated values for tensile modulus 
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of surface zone art icu lar  cart i lage fol lowing joint 
disuse. This f inding suggests that  preservat ion of 
the surface zone of art icu lar  cart i lage m this 
experimental  model of reduced joint loading may 
be one important  difference from those models m 
which cart i lage changes are progressive and more 
extens lve .  
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